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Abstract 
The paper presents a waste to energy conversion solution using a pyro-air-gasification process applied to biodegradable residues 
from meat processing industry integrated with small scale thermodynamic cycle for power generation. The solution of air-
gasification at atmospheric pressure is based on experimental research and engineering computation developed during the study. 
The input data, such as: waste chemical composition, low/high heating value and proximate analysis, correspond to real waste 
products, sampled directly from the industrial processing line. Separate drying as first stage pre-treatment and integrated partial 
drying inside the reactor was used. The syngas low heating value of about 4.3 MJ/Nm3 is insured by its combustible fraction (H2 
– 12.2%, CO – 19.2%, CH4 – 1.6%). According to syngas composition the thermodynamic cycle was chosen – Otto gas engine. 
For a given waste feed-in flow considered in our computation of about 110 kg/h the power output obtained is about 50 kWel. The 
global energy efficiency of the unit is about 15%. The results offer answers to energy recovery waste disposal for residues with 
characteristics that are not suitable for classic incineration or limit the energy efficiency of the process making it non-economical 
(the average humidity of the raw waste is about 42% in mass). The research focused on waste to energy conversion process 
energy efficiency, waste neutralization and power generation. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The integrated waste management concept and efficient disposal face the continuous increase of waste 
quantities and types. One important waste generation source is represented by the food industry that develops its 
production capacity along with population increase across, the globe. 
According to this activity sector statistics approximately 1/3 of meat processing industry feed in flow will result 
in residues to be disposed each year worldwide [1]. The meat processing industry raises environmental issues due to 
potential health risk residues that generates as fast biodegradable solid organic waste. The currently used solutions 
for this waste neutralization and disposal are the incineration and meat and bone meal production. The raw condition 
of this waste characterized by high water content that varies from 40% (bones) up to 70% (chicken feathers) in mass 
requires important energy consumption for the neutralization processes as support fuel [2]. The presence of potential 
pathogens bans this type of waste from direct landfilling [3].  
Nevertheless the meat processing industry waste represents an energy source with important calorific value 
measured in dry basis. Previous researches revealed the high energy potential that can higher compared to other 
types of biomass residues [4]. The presence of water and inert fraction (that may reach 27% in bones) decrease the 
low heating value of this waste making the energy conversion chain, if combustion is used, non efficient and non 
economical. Moreover due to physical structure of the waste a series of problems occur related mainly to mechanical 
behavior and process run. In some cases the conversion process becomes technological not possible.  
Usually, the waste sources are characterized by reduced generation capacity as compared to fossil fuels and limit 
the valorization in medium - large scale power plants. Consequently energy conversion chains that are strongly 
affected by scale factor are to be avoided. Additionally the discontinuous availability of the waste feed-in flow also 
limits the power generation applications. Nevertheless to avoid any health risk potential the disposal solution must 
contain at least one stage of high temperature treatment. Consequently the thermal-chemical processing still 
represents the first option within the waste to energy conversion chain. The solution studied in our research uses the 
air-gasification of the waste and gas fuel supply to internal combustion engine. The paper presents the results for the 
gasification of bones and meat residues at atmospheric pressure and steam injection for syngas production and power 
generation and the influence of various parameters on gas composition and conversion chain energy efficiency.  
2. Materials and methods 
2.1. Material 
The product used for the study consisted in biodegradable residues from the meat processing line. To preserve the 
results reliability the bones and meat residues were sampled directly from slaughterhouses. The product was 
submitted to physical-chemical characterization using: proximate, elemental and calorimetric analysis. This data was 
determined experimentally in previous works of the author [4]. The results revealed important water content about 
41.7% (average value related to sample mass) and inert fraction that is about 27% (dry basis). The specific energy 
content is similar to wood biomass between 12500 kJ/kg for the raw product, up to 19205 kJ/kg for the dry product 
(in oven at 105°C for 24h) [4].  
To express the elemental fractions as the ratio between the number of atoms and the waste mass, the equivalent 
formula of the organic fraction in the raw waste was computed. The waste was considered a complex fictive organic 
substance having the molecular mass equal to 106 g/mol (see table 1). 
Table 1. Elemental composition of the waste, % in mass, dry basis. 
Relative fraction, 
% C organic H organic S organic N organic O organic A inorganic Organic mass equivalent formula 
of m total 41,48 5,99 0,00 4,30 20,93 27,30 C47 511 H81 737 O 17 993 N4 200 of m organic 57,06 8,24 0,00 5,91 28,79 - 
 
The major differences between wood and this product are the ash fraction and the nitrogen content that is about 
4.5%. The important low heating value is related to combustible fraction represented by C – 41.5% and H2 – 6%. 
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The oxygen concentration is similar to biomass based products O2 – 20.9%. The raw product low heating value is 
comparable to medium quality coal and certain types of biomass [5]. Moreover the absence of sulphur or chlorine 
represents an advantage for the waste to energy conversion chains that use thermal-chemical processes [4]. 
 2.2. Method 
The similarities between the properties of target waste and biomass based products leaded to the choice of direct 
air-gasification process as primary thermal-chemical conversion stage. To assess the physical – chemical 
transformation of the product under air gasification at atmospheric pressure, a tubular batch reactor was used [5]. 
The process was conducted in electrically heated tubular batch reactor built on a Nabertherm tubular reactor 
platform, presented in previous works of the author [5]. The experimental conditions correspond to externally heated 
gasification, under transitory regime. The results are presented in previous works [6]. Due to experimental 
conditions (externally heated reactor) the syngas composition and specific energy content is different from the real 
industrial conditions when a fraction of the product is partially oxidized to insure the gasification endothermic 
conditions. 
To estimate the syngas composition for real scale applications, specific engineering computation based on 
chemical reactions at equilibrium were used along with the experimental results. Based on these results a 
gasification conversion line was established. 
The gasification process efficiency and global energy efficiency for the waste to power conversion chain was 
calculated. 
3. 3. Results and discussions 
3.1. Gasification stage 
The raw waste feed-in flow considered in our study was in the range of 100÷150 kg/h corresponding to a small 
scale unit. The main differences of the raw waste compared to biomass are: higher humidity and inert fraction; lower 
oxygen content. These characteristics reduce the gasification unit capacity. Using original computation software that 
utilizes the chemical reactions at equilibrium the waste gasification process was numerically modeled. As the 
solution provided contains all the waste to energy conversion stages, the model conceived as an integrated 
conversion chain. To optimize the global energy efficiency the sensitive heat of the syngas produced by the 
gasification unit is used for process air preheating and waste partial drying within a contact heat and mass 
exchanger. 
The estimated syngas composition and its main properties are listed in the table 2. 
 
Table 2. Estimated syngas composition [%], molar mass and specific energy content 
Gas species Molar mass and energy density 
H2 CH4 CO H2S H2O N2&Ar CO2 SO2 μ kg/kmol 
HHV, 
MJ/kg 
HHV, 
MJ/m3N 
LHV, 
MJ/kg 
LHV, 
MJ/m3N 
12,19 1,56 19,21 0 9,6 52,12 5,32 0 24,62 4,19 4,6 3,91 4,29 
 
 
The specific energy content of the syngas produced by direct air gasification of partially dried waste is similar to 
biomass based syngas produced under the same process conditions. 
For the considered waste feed-in flow the air/fuel ratio is about 2 kgair/kgwaste. The syngas/fuel ratio is about 
2.76 kgsyngas/kgwaste.  
Figure 1 presents the mass specific flows of the gasification unit. 
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Fig.1. Gasification unit mass specific flows. 
Based on our calculations the pre-drying unit can decrease the raw waste water content to about 19%. The water 
vapors cannot be released into the atmosphere due to health risk potential and smells environmental impact. 
Moreover these vapors cannot be utilized within gasification process because it exceeds the maximum water quota 
required of about 6%. Consequently, an original evacuation/treatment solution for the residual water vapors was 
integrated in the conversion chain. 
 
 
 
Fig. 2. Syngas specific flow 
 
The specific air consumption for the gasification process represents about ½ of the stoichiometric combustion air. 
Due to the excess water vapors present in the gasification process the syngas produced is humid. After the partial 
condensing of these water vapors the specific syngas production related to feed-in waste is about 3kg
 syngas/kg waste. 
The estimated syngas production for the considered waste feed-in flow is about 238kg/h of derived fuel gas that 
be utilized in internal combustion engine. 
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3.2. Power generation 
Based on this data and using engineering computation and equipments manufacturers data related to mechanic 
and electric net efficiencies the specific energy flows of the conversion chain are presented in figure 3. 
 
Fig. 3. Estimated specific energy flows of conversion chain. 
 
 
We may notice that the electric output produced by the power generator unit is about 52 kW. That power 
corresponds to a global energy efficiency of about 15% (of the thermal power produced by waste combustion) if 
only electricity is produced and delivered by the unit. The global energy efficiency is about 19% of thermal power 
produced by syngas combustion. 
 
Usually these applications are integrated in the industrial units. The food industry units also require thermal 
power as heat for the processing lines. Taking into account the heat that can be recovered from the internal 
combustion engine using both of thermal sources with low and high temperature level (about 93kWt from the low 
temperature level and about 87kWt from the high one), the global energy efficiency for combined heat and power 
generation is about 65% of the thermal power generated by waste combustion or about 85% of the thermal power 
generated by syngas combustion. The indicated cogeneration electric and heat ratio is about 0,288kWhel/kWht. 
The study revealed the possibility to recover energy from a waste source that is usually disposed of by 
incineration, using fossil fuel to support the process, or used for other applications with limited development 
perspective (glue factories, meat and bone meal production etc.). This type of waste may represent a new renewable 
energy source for power generation. Nevertheless, due to waste particularities, processes configuration and 
operating parameters must be adjusted to each waste physical-chemical characteristics. Consequently dedicated 
studies are required to assess the optimum solution for a certain type of waste. 
4. Conclusion 
The paper presents the results for the gasification of bones and meat residues at atmospheric pressure and steam 
injection for syngas production and power generation. Separate drying as first stage pre-treatment and integrated 
partial drying inside the reactor was used. The specific air consumption for the gasification process represents about 
½ of the stoichiometric combustion air. A syngas with the low heating value of about 4.3 MJ/Nm3 can be produced. 
The syngas combustible fraction consists in H2 – 12.2%, CO – 19.2% and CH4 – 1.6%. The specific syngas 
production related to feed-in waste is about 3kgsyngas/kgwaste. The thermodynamic cycle used for power generation is 
Otto cycle - gas fueled engine. For a waste feed-in flow of about 110 kg/h of waste the power output obtained is 
about 50 kWel. The global energy efficiency of the unit varies between 15% and 19%. The solution enables the 
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combined heat and power generation, which is usually used in food industry processing lines. The global energy 
efficiency for combined heat and power generation is about 65% of the thermal power generated by waste 
combustion or about 85% of the thermal power generated by syngas combustion. The indicated cogeneration electric 
and heat ratio is about 0,288kWhel/kWht. The study revealed this waste potential as a new renewable energy source 
for power generation. 
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